Abstract Hepatic encephalopathy (HE) is normally diagnosed by neuropsychological (NP) tests. The goals of this study were to quantify cerebral metabolites, separate glutamate (Glu) from glutamine (Gln) in patients with minimal hepatic encephalopathy (MHE) as well as healthy subjects using the prior-knowledge fitting (ProFit) algorithm on data acquired by two-dimensional (2D) localized correlated spectroscopy (L-COSY) on two different MR scanners, and to correlate the metabolite changes with neuropsychological (NP) tests. We studied 14 MHE patients and 18 healthy controls using a GE 1.5 T Signa MR scanner. Another group of 16 MHE patients and 18 healthy controls were studied using a Siemens 1.5 T Avanto MR scanner. The following parameters were used for L-COSY: TR/TE=2 s/30 ms, 3×3×3 cm 3 voxel size, 96 Δt 1 increments with 8 averages per Δt 1 . Using the ProFit algorithm, we were able to differentiate Gln from Glu on the GE 1.5 T data in the medial frontal white/gray matter. The ratios of myo-inositol (mI), Glu, total choline, scylloinositol (sI), phosphoethanolamine (PE), and total N-acetyl aspartate (NAA) showed statistically significant decline in HE patients compared to healthy controls, while the ratio of Gln was significantly increased. Similar trend was seen in the ProFit quantified Siemens 1.5 T data in the frontal and occipito-parietal white/gray regions. Among the NP domain scores, motor function, cognitive speed, executive function and the global scores showed significant differences. Excellent correlations between various NP domains and metabolite ratios were also observed. ProFit based cerebral metabolite quantitation enhances the understanding and basis of the current hypothesis of MHE.
Introduction
Hepatic encephalopathy (HE) is a complex neuropsychiatric disorder that complicates acute and chronic liver failure. HE encompasses a wide spectrum of neuropsychiatric abnormalities and motor disturbances that range from mild cognitive impairment to coma and death (Mullen 2007; Wang 2004; Ferenci et al. 2002; McPhail and Taylor-Robinson 2010) . It occurs in two distinct forms: acute, that results from the rapid onset of severe inflammatory and necrotic liver disease, and the more common form, chronic, which is associated with liver failure and slowly evolving neurological features that manifest over time. Acute HE results in movement disorder and impaired consciousness which may progress to coma and severe neurological dysfunction in the syndrome's most severe form (Gitlin 1996; Bernthal et al. 1987) , whereas chronic HE describes the neuropsychiatric syndrome, most commonly associated with hepatic dysfunction and portosystemic shunting in cirrhosis. This may also exist in patients with surgical portosystemic shunts (McPhail and TaylorRobinson 2010) . In most patients, the condition is "minimal", and over the past few decades, the focus has shifted to this subgroup of patients who show no gross clinical symptoms of brain dysfunction but who perform poorly on psychometric tests when compared to other patients with cirrhosis and healthy controls (Butterworth 2000; Butterworth 1995; Gilberstadt et al. 1980; Schomerus et al. 1981; Tarter et al. 1984; McCrea et al. 1996) . These patients are labeled as having minimal hepatic encephalopathy (MHE) (Ferenci et al. 2002; Schomerus and Hamster 1998; Lockwood 2000; Weissenborn et al. 2001) . MHE may be found in 20% to 60% of patients with cirrhosis (Amodio et al. 2004; Dhiman and Chawla 2009; Amodio et al. 2010 ) depending on the tests used for diagnosis and the severity of hepatic failure. MHE is discernible in prolongation of reaction times in the activities of daily living, such as driving and operating machinery. It has a prognostic value in relation to occurrence of both bouts of acute HE (Saxena et al. 2002; Romero-Gómez 2007; Amodio et al. 2001; Amodio et al. 1999 ) and death (Amodio et al. 2001; Romero-Gómez et al. 2007) .
Conventionally, MHE patients are identified on the basis of a battery of neuropsychological (NP) tests (Butterworth 1995; Blei and Cordoba 1996; Chalasani and Gitlin 1997; Fraser and Arieff 1985; Ross et al. 1996) . They show deficiencies in tests of psychomotor speed, concentration, visual attention, tracking, and visuospatial and fine motor skills, while appearing normal on standard bedside neurological examinations (Ferenci et al. 2002; Blei and Cordoba 1996; Duyn et al. 1993) . However, the results of these tests are not very specific and do not reveal the underlying neurochemical pathophysiology (Ferenci et al. 2002; Amodio et al. 2004; Binesh et al. 2006) . Furthermore, these tests can be subject to confounding factors such as age, superimposed mood disorders, and educational effects (Stewart and Smith 2007) . Therefore, there has been increasing interest in the use of noninvasive imaging techniques, such as magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS), to assist in the evaluation of MHE (Foerster et al. 2009 ). These methods may complement the NP examination.
In particular, MRS has been used extensively as a noninvasive tool to examine the role of cerebral metabolites in vivo for the diagnosis of both clinical (acute) and MHE. As reported by Ross et al (Ross et al. 1996; Kreis et al. 1992; Ross et al. 1994) , proton ( 1 H) MRS of brain white matter in patients with HE demonstrated a triad of changes in cerebral metabolites: a significant decrease in the myoinositol (mI), a small decline in choline (Cho), and an elevation in the glutamate/glutamine (Glx) concentration with respect to creatine (Cr). Studies have indicated that MRS can detect MHE with a sensitivity approaching 90% (Ross et al. 1994) . One-dimensional (1D) MRS, used in these studies, suffers from the severe spectral overlap of various metabolites resonating within a limited spectral range, leading to varying phase artifacts with echo time (TE), which may result in inaccurate quantification for many metabolites. Further, some low concentration metabolites are also not detectable. Twodimensional (2D) MRS conquers this difficulty by adding a second frequency dimension to each spectrum by acquiring multiple 1D free induction decays (FID) with incrementally longer TEs and applying a 2D Fourier transform on the set of spectra to produce a 2D spectrum (Thomas et al. 2001) . By applying a localized two-dimensional correlated spectroscopic (2D L-COSY) sequence on a conventional 1.5 T scanner in healthy human brains, Thomas et al. (Thomas et al. 2001) showed that in addition to detecting N-acetyl aspartate (NAA), Glx, Cho, Cr, and mI, several J-coupled multiplets of metabolites such as aspartate (Asp), phosphocholine (PCh), threonine (Thr), phosphoethanolamine (PE), γ-aminobutyric acid (GABA), and taurine (Tau) can also be identified. Some of these metabolites, such as Asp and Tau, have been directly implicated in the pathogenesis of HE (Hilgier et al. 2000; Lavoie et al. 1987; Butterworth 1996) . Binesh et al. (2005) and Singhal et al. (2010) showed that the 2D L-COSY sequence can be applied successfully to MHE patients. They confirmed the earlier findings of 1D MRS studies in MHE and showed that additional metabolites can be detected. Their results showed a statistically significant decrease of mI and Cho, and an increase of Glx in patients when compared to healthy controls. In addition, Binesh et al. (2005) also found an increased Tau in MHE patients.
In the previous studies, changes of Glx have been reported instead of Glu and Gln separately. Attempts in the past have focused on resolving glutamine from glutamate using high field MRS (9.4 T) data processed by LC-Model (Provencher 1993) . However no reports of resolving these metabolites at 1.5 T MRS have been published. Although the cross peaks of Glx are much better separated from other overlapping metabolites in 2D L-COSY, glutamate could still not be separated from glutamine because of the almost identical peak locations. In this work we adapt the priorknowledge fitting (ProFit) (Schulte and Boesiger 2006; Frias-Martinez et al. 2008 ) procedure for L-COSY spectroscopy and show that via 2D prior knowledge fitting, glutamate and glutamine can be separately quantified with reasonable precision. In contrast to methods based on simple line fitting and peak integration, commonly applied for metabolite quantification in 2D MRS of brain, ProFit yields metabolite concentration ratios that are independent of sequence and field strength. It fits COSY spectra as linear combinations of 2D basis spectra using a nonlinear least-squares algorithm in combination with a linear least-squares algorithm and incorporates maximum prior knowledge available. In summary, the goals of this study were 1) to quantify cerebral metabolites in MHE patients and healthy subjects using the Profit algorithm to the 2D L-COSY data acquired on 1.5 T MR scanners manufactured by two different vendors, thereby providing further support for the use of MR spectroscopy in clinical research, 2) to separate glutamate and glutamine using Profit and investigate the results in understanding of MHE and 3) to correlate the metabolite changes with NP tests.
Materials and methods

A. Human subjects
14 patients with MHE (53.3±10.6 years) and 18 control subjects (52.7±12.6 years) were studied with a 1.5 T GE MR scanner (GE Medical Systems, Waukesha, WI, USA) between 2000 and 2004. Also, 16 MHE patients (49.6± 14.7 years) and 18 control (50.1±10.8 years) subjects were studied with a 1.5 T Siemens Avanto MR scanner (Siemens Medical Solutions, Erlangen, Germany) between 2004 and 2008. We used inclusion criteria of being listed for organ liver transplantation (OLT) and having a United Network Organ Sharing (UNOS) status of 3 or greater. The exclusion criteria included a lack of fluency in the English language (affecting psychometric tests), claustrophobia during MR examination, age less than 18 or more than 75 years, active alcoholism during the past 3 months, HE grades II-IV, gastrointestinal bleeding or infection during the past week, and any brain shunt procedures before the study. The Institutional Review Board (IRB) approved the protocol, and informed consent was obtained from each human subject prior to study participation.
B. MRS Acquisition and Post-processing
A body coil "transmission" and a 3 inch surface coil "reception" were used for the GE scanner. Before applying the L-COSY sequence, a three dimensional (3D) localizer scan followed by a high resolution T 1 -weighted axial scan (TR/TE=800/8 ms, 35 slices, 4 mm thickness with no gap) were collected. We used CHESS (Haase et al. 1985) sequence on the GE scanner for water suppression. 2D L-COSY spectra were recorded using the following parameters: TE=30 ms, TR=2000 ms, total number of scans=768 (96 Δt 1 increments and 8 averages per Δt 1 ), and spectral width F 1 =625 Hz and F 2 =2500 Hz. A 27 mL voxel was placed on the anterior cingulate gyrus [38] since the NP tests have indicated an alteration predominantly in the frontal tasks that require attention and mental flexibility. The total duration for each 2D scan was approximately 25 min. The voxel shim and suppression were done manually, and a line width of 7-8 Hz was achieved.
For the Siemens Avanto MR scanner, high resolution T 1 -weighted images were collected using a magnetization prepared rapid acquisition gradient echo (MPRAGE) pulse sequence (TR=1660 ms; TE=3.87 ms; inversion time= 900 ms; FA=10°; matrix size=256×256; FOV=230× 230 mm 2 ; slice thickness=1.2 mm; number of slices=176). A quadrature body coil for "transmission" and a dual surface coil for "reception" were used for the MRS study. One of the surface coils was placed on the right forehead and the other one on the left occipital region of the subject. L-COSY was performed over two locations: prefrontal dorsolateral white/ gray matter and occipito-parietal white/gray matter (Singhal et al. 2010 ) with a 27 mL voxel used for volume localization. A WET-based sequence was used for global water suppression (Ogg et al. 1994 ) and spectra were recorded using the following parameters: TR=2000 ms, TE=30 ms, total number of scans=768, scan time=25 min (96 Δt 1 increments and 8 averages per Δt 1 ), spectral width F 1 =625 Hz and F 2 =2000 Hz. A line width of 8-10 Hz was achieved by manual shimming in all the subjects, For both GE and Siemens data analysis, 2D L-COSY spectra were processed using the Profit algorithm. Before Fourier transformation, all matrices were filtered via a skewed squared-sine bell function, and then zero-filled in both dimensions to 2048 by 256. Prior to fitting, frequency shifts in F 1 and F 2 as well as zeroth-order phase correction were applied to the L-COSY spectra. The basis spectra used for fitting were simulated numerically with the GAMMA (general approach to magnetic resonance mathematical analysis) library (Smith et al. 1994) , using previously reported chemical shifts and coupling constants from the literature (Govindaraju et al. 2000) . A set of 19 basis metabolites turned out to be the most suitable choice for fitting L-COSY HE spectra acquired in vivo: Cr, Glu, Gln, NAA, N-acetyl-aspartylglutamate (NAAG), mI, Cho, scyllo-inositol (sI), alanine (Ala), Tau, Asp, glycerylphosphocholine (GPC), PCh, PE, glutathione (GSH), GABA, lactate (Lac), glucose (Glc), and ascorbic acid (Asc). No absolute quantification was attempted, but metabolite concentrations were determined as ratios to Cr. Using the known concentration of Cr, these results can be converted to millimolar concentration or institutional units after application of the requisite correction factors.
C. NP Tests
Neuropsychological testing was conducted by a clinical psychologist on the same day as the MRS scan on those subjects studied by Siemens 1.5 T MR scanner and took approximately 2 h to complete. For better evaluation of the results, the tests were classified into domains according to the ability they tested (Lezak 1995 (Lezak 1995) . The raw scores for the individual tests were converted to demographically corrected t-scores using published normative data (Heaton et al. 1991) . Domain t-scores were calculated by averaging the t-score of the individual tests comprising the neurocognitive domain. A Global t-score was then obtained by averaging the individual test scores.
D. Statistical Analysis
All data analysis was performed using SPSS 18.0 for Windows (SPSS Inc., Chicago, IL). The mean and standard deviation (SD) of metabolite concentration ratios with respect to Cr were calculated for MHE patients and healthy controls. To statistically evaluate the hypothesis that there is no difference in the metabolite concentrations ratios between the population groups, a two-tailed t-test and a one-way analysis of variance (ANOVA) were performed. Metabolite concentration ratio differences with p value less than 0.05 were considered to be statistically significant. To explore for any relationship between the metabolite concentration ratios and the NP t-scores, Pearson correlation was performed on the patient data. A Bonferroni-like adjustment (Larzelere and Mulak 1977) was used so that all correlations were still significant with the adjusted alpha level. A logistic regression analysis (Hilbe 2009; Hosmer and Lemeshow 1995) was performed on all the modalities and their combinations to compare their predictability in correctly classifying the patients and healthy controls. Variables were selected with the same p<0.05 significant level.
Results GE 1.5 T Figure 1(a) shows the 2D contour plots of a L-COSY spectrum acquired using the GE 1.5 T from a voxel size of 27 mL in the medial frontal gray/white matter region of a 35 year old healthy volunteer (top). The middle spectrum is the fitted one using ProFit and the bottom one is the residual difference. The combined prior knowledge 2D spectrum simulated using a GAMMA library is shown in Fig. 1(b) . The ProFit quantified metabolite ratios (mean ± SD) of MHE patients and healthy controls acquired from the GE 1.5 T scanner are given in Table 1 . The ratios of mI, Glu, total choline (GPC + PCh + Cho), sI, PE, and total NAA showed significant decline in patients compared to healthy controls, whereas the ratio of Gln was significantly increased. For a better visualization of the fluctuation of metabolite ratios among patients and their respective differences with healthy controls, bar graphs were plotted Fig. 1 a. A ProFit-processed 2D L-COSY spectrum recorded from the medial frontal white/gray matter of a 35-year-old healthy subject. The abscissae and the ordinates represent f 2 [ppm] and f 1 [Hz] , respectively. b. 2D spectra of the basis set of metabolites used in ProFit processing. The 2D spectra are presented as logarithmicallyscaled color plots for the major metabolites that showed significant differences between healthy controls and patients as presented in Fig. 2(a) and (b) . Siemens 1.5 T Figure 3(a) shows the ratios of Gln, Glu, mI, and total choline with respect to Cr, calculated from the ProFit processing of the Siemens 1.5 T 2D L-COSY spectra acquired in the frontal white/gray matter region of MHE patients and healthy subjects. These results were in excellent agreement with the Profit quantitation of GE 1.5 T data as shown in Table 1 and Fig. 2(a) . Figure 3(b) shows selected metabolite ratios quantified by the ProFit algorithm in the occipito-parietal region. The findings in the frontal white/gray region were in general agreement with the occipito-parietal region, namely, significantly lowered mI, Glu, and total choline and significantly increased Gln ratios compared to healthy controls.
NP Tests
The NP test results are summarized in Table 2 . Significant differences were found between the patients and healthy volunteers in the following domains: motor function, cognitive speed, executive function, and the global scores (p<0.05). In patients, the lowest average scores were found in the motor and the cognitive speed domain (<40). Tables 3  and 4 show the significant correlation between various NP domains score and the MRS indices from the Siemens 1.5 T acquired data in the frontal white and occipito-parietal regions respectively. Frontal and occipito-parietal mI ratios positively correlated with motor and cognitive speed domain scores. Frontal mI ratios additionally correlated with global and visuospatial scores. Also in the frontal region, Gln correlated with global score, Tau with attention, sI with motor and total choline with language and attention. In the occipito-parietal region, total choline, total NAA, and Glx correlated with visuospatial and PE with cognitive speed and global scores.
Logistic regression analysis
The results of logistic regression analysis are shown in Fig. 4 . Among the frontal MRS ratios, mI gave the best predictability. The mI and Gln ratios were the only significant variables in the occipito-parietal lobe. Out of the NP tests, cognitive speed and memory were the selected domains. On combining NP tests and MRS ratios, the selected variables were motor and frontal lobe mI and had a predictability of 100%.
Discussion
The current study attempts to separate Glu from Gln, quantify several cerebral metabolites using Profit algorithm and correlate the metabolite changes with NP tests in patients with MHE. Our results demonstrate that Profit fitting of L-COSY data, from both GE and Siemens 1.5 T scanner, was able to quantify Glu and Gln reliably. There are no reports of separating these metabolites while postprocessing the 1.5 T and 3 T MRS data. Hence, this finding is first of its kind. The mI ratio was found to be the most Following is a brief discussion of each metabolite demonstrating significant difference in MHE patients via Profit processing of L-COSY, its putative role in the brain, and possible implication in hepatic encephalopathy. We discuss each metabolite, if and how, multidimensional MRS datasets acquired on the GE and Siemens 1.5 T MR scanners, add to the basis of our understanding of the pathogenesis of MHE.
Neuronal activity triggers various responses that act together to adapt and deliver the energy substrates for local neuronal needs. The neuronal activity is determined primarily by electric (rate of action potential firing) and synaptic activity. Glu released from glutamatergic synapses is taken up by the astrocytes in cotransport with sodium, thereby increasing intracellular sodium and stimulating the sodium-potassium pump (Pellerin and Magistretti 1997) , which increases the astrocytic adenosine-triphosphate (ATP) consumption, and hence links the astrocytic glucose metabolism to neuronal glutamate release (Magistretti et al. 1999) . Since the blood-brain barrier is quite impermeable to Glu, almost all brain Glu is synthesized from Glc, Gln, or from the degradation of proteins (Gruetter et al. 1994) .
It is generally understood that in MHE, the increased brain concentration of ammonia is correlated with increased permeability of the blood-brain barrier (BBB) to ammonia (Lockwood et al. 1991a ) and the increase of Gln in astrocytes since ammonia is metabolized via glutamine Fig. 2 a and b. Metabolite ratios from the GE acquired COSY data in the medial frontal gray/white matter region. Only the metabolites that demonstrated significant change in MHE patients are shown synthetase (GS) mediated amidation of Glu into Gln (Berl et al. 1962 ). This increase of Gln could contribute to the decrease of total brain concentration of Glu in hyperammonemia long known in rats with acute hyperammonemia of acute liver failure (ALF) induced by thioacetamide (Bosman et al. 1990) . Decreased Glu has also been seen in patients with cirrhosis who died in hepatic coma (Lavoie et al. 1987 ).
However, in 1D proton MRS, it is very difficult to separate the resonances of Glu from Gln and quite often the two are reported together as Glx. Thus, the increase of Gln is quite often foreshadowed by the decrease in Glu and the total peak of Glx is reported as an increase. With the ProFit algorithm used in 2D proton MRS, we clearly see a significant decrease in Glu and an increase in Gln as shown in Table 1 tion in Glu could also be partly due to reduced synthesis from Glc and the influence of ammonia on Glu pools other than the astrocytes (Zwingmann et al. 2003) . Several lines of evidence have also shown that increased ammonia exposure can lead to decreased uptake of Glu by the astrocytes (Vaquero and Butterworth 2006) . This could lead to reduced local Glc oxidation. In addition, astrocyte swelling (discussed later) is an important feature of both acute and chronic liver failure and this can potentially lead to a change in transport processes.
Cho is important for normal membrane function, lipid transport, and methyl metabolism. It is a precursor of betaine, used by the kidney to maintain water balance and by the liver as a source of methyl groups for methionine formation (Koc et al. 2002) . In the central nervous system, it is an important precursor of choline-containing membrane phospholipids such as phosphatidylcholine (PtdCho) and sphingomyelin in neurons and glial cells and of acetylcholine (ACho) in cholinergic neurons.
The pool of total choline in the rat brain is large; however, 90% of the total choline is bound in the phospholipids of the cell membranes such as PtdCho and a further 9% in hydrophilic metabolites such as PCh and GPC. Similarly in the rat blood plasma, 99% of total choline is present in choline-containing phospholipids, and only 1% is present as free and the hydrophilic choline metabolites (Klein et al. 1993) . Free choline, in contrast to other choline-containing metabolites, is the only welldefined pathway for choline supply from the blood into the brain. There is no data indicating major transport of choline-containing phospholipids into and out of the brain under physiological conditions (Pardridge et al. 1979) .
In an in vivo proton MRS correlation study of the Cho peak with in vitro chemical measures of choline-containing Table 4 Pearson Correlation between the occipito-parietal MRS ratios and NP domain scores in MHE patients for the Siemens acquired L-COSY data ** Significant at the 0.05 level compounds, the proton MRS Cho peak strongly correlated with free Cho and hydrophilic metabolites such as PCh (membrane synthesis) and to some extent with GPC (membrane degradation) but not with membrane-bound, PtdCho (Miller et al. 1996) . Unfortunately, 1D proton MRS in vivo techniques cannot differentiate the trimethyl protons of choline from those of PCh and GPC as their signals are separated by less than 0.03 ppm (Loening et al. 2005) . The 31 P resonances of PCh and GPC, on the other hand, differ from one another bỹ 3.5 ppm and can be used for better quantification (Bhujwalla et al. 1999) . However, the improved sensitivity of 1 H nuclei for detection, makes a strong case for using proton MRS. 2D proton MRS with ProFit algorithm enables separation for GPC and the total choline peaks.
In human cerebral neoplasms, it has been shown both in vivo and in vitro via 31 P MRS that the phospholipid composition of cell membranes is changed (Kaibara et al. 1998) . This change in phospholipid metabolism is seen in two resonances: the phosphomonoester (PME) and the phosphodiester (PDE) (Griffiths et al. 1983) . The aqueous extracts of a tissue, when analyzed in vitro by high resolution 31 P MRS, can show the two phospholipid precursors, PCh and PE in the PME signal while the PDE signal includes the degradation products GPC and glycerophosphoethanolamine (GPE) (Evanochko et al. 1984) . In tumors, the PME resonance has been found to be increased, a change explained by an accumulation of PCh and PE (Solivera et al. 2009 ).
In HE, the typical 31 P MR spectrum contains resonances assigned to PME, inorganic phosphate (Pi), PDE, phosphocreatine, γATP, αATP, and βATP, all providing information on energy metabolism. However, no single consensus has emerged from these studies although Taylor-Robinson group has consistently demonstrated reduction in PME and PDE to βATP ratio (Taylor-Robinson et al. 1994; Taylor-Robinson et al. 1999; Patel et al. 2000) .
Our 2D proton MRS results show a pattern similar to that observed by the Taylor-Robinson group, i.e., a reduction in GPC (although not reaching significance perhaps, due to high standard deviation) as well as a significant decline in total choline including free choline, PCh and GPC in patients when compared to healthy controls (see Table 1 ). In addition, a significant decline is also observed in PE, clearly pointing to a decrease in the phospholipid metabolism in MHE. This is a new insight not decipherable solely from the data in 1D proton MRS and points to the need for techniques such as 2D proton MRS to tease out these inferences.
mI is an organic osmolyte presumed to serve as a compensatory tool of astrocytes to buffer ammonia-induced increase in glutamine within the astrocytes, which can lead to swelling. The swelling can have implications on transporters such as Glu. However, effective compensation shift takes time for astrocyte volume homeostasis. ALF as opposed to chronic liver failure happens too rapidly to allow this compensatory shift and hence, mI/Cr ratio is not significantly different in patients with ALF compared to the healthy controls. Since the application of MRS in MHE, it has been shown in 1D MRS that mI concentration is significantly reduced in patients to maintain the astrocytic volume. With the application of 2D MRS, we were able to verify this finding as well as significant reduction of a similar osmolyte, sI belonging to the inositol group in these patients.
GSH is a primary antioxidant and plays an important role in oxidative stress protection in living cells. GSH is a tripeptide, consisting of glycine, cysteine, and glutamate. GSH is quite difficult to observe via 1D proton MRS even though its concentration is not very low (~1-3 mM) because of severe overlap with much more intense signals of creatine, glutamate, and aspartate. 2D proton MRS can clearly delineate GSH and with the ProFit algorithm, we have been able to quantify its concentration. Studies of GSH levels in blood and urine, have shown that subjects with risk factors of stroke have relatively low levels of GSH and patients with acute ischemic stroke develop elevated blood levels of GSH during the first hours to days post ictus (Zimmerman et al. 2004 ).
In our study of MHE, we found a general trend towards increase of GSH in patients compared to controls. However, the changes were found to be non-significant possibly due to technical difficulties at 1.5 T. In liver dysfunction, like in stroke, time may be of significance in how the cells cope with stress and what the resultant systemic consequence may be in acute and chronic cases. Hence, it would be quite useful to employ 2D proton MRS in cases of ALF to see the levels of GSH and compare it with our findings. Tau is another metabolite not observable via 1D proton MRS. It is one of the most abundant free amino acids in the brain and is localized in both neuronal and glial compartments. Autopsied brain tissue from patients who died of hepatic coma has shown significantly decreased Tau in the prefrontal cortex (Butterworth 1996) . Opposite to this, our results show an increasing trend in Tau in patients with MHE compared to healthy controls using both GE and Siemens 1.5 T MRS data. The biochemical significance of this finding is unclear. It is unknown if the subjects considered in the autopsied results were in the early stages (MHE) or late stages of HE. At the same time, in our L-COSY study, the 2D cross peak of Tau occurs very close to the diagonal and as a result could be effected by line-width changes from a patient to another. To understand all these changes, a more detailed study is required.
Glc is the major energy substrate for the brain that is degraded by glycolysis, the tricarboxylic acid (TCA) cycle, and oxidative phosphorylation (Chih and Roberts 2003) . Neuronal activity and local Glc use and consumption are strongly correlated with the local blood flow (Clarke and Sokoloff 1999) . Brain Glc transport involves the breaching of two barriers: the BBB formed by the capillary endothelial cells, which are effectively connected together by tight junctions, and the barrier formed by the plasma membranes of neurons and astrocytes to which Glc must be delivered. The transport parameters of BBB Glc transport as well as the passage of many other substances including ions and water can be modulated by various extracellular and intracellular messengers, and also by pathologic stimuli involving metabolic, osmotic, or oxidative stress (Leybaert 2005) .
In MHE, Lockwood et al. have reported via positron emission tomography (PET) that for whole-slice cerebral blood flow (CBF) and cerebral metabolic rate of glucose (CMR glc ), the values were not different in this group of patients versus healthy controls. However, for both CBF and CMR glc , there was a highly significant difference in the pattern of flow and metabolism. Higher values for both flow and metabolism were observed in the cerebellum, thalamus, and caudate in patients and lower values in the cortex (Lockwood et al. 1991b ). Weissenborn et al. (2007) have also reported via PET both CMR glc and CMR NH3 in patients with MHE. They found similar alteration in cerebral glucose utilization as reported by Lockwood et al. (Lockwood et al. 1991b ) except for a decrease in glucose metabolism in the motor cortex and stable or increased glucose utilization rate within the frontolateral cortex. When it comes to MRS, again 1D proton MRS is unable to differentiate the resonances of Glc. In our 2D MRS study, in the frontal cortex, we did not observe any significant differences in Glc concentration in the MHE patients compared to the healthy controls.
Conclusions
In summary, we have shown that ProFit-processed 2D L-COSY data demonstrates clear separation of glutamine from glutamate. This differentiation would be quite useful in studying many other diseases and disorders since 1D spectroscopy has been quite limited in its ability to separately quantify these overlapping metabolites. Our results also confirm the earlier findings of 1D MRS studies in MHE and show that additional metabolites that occur at low concentration (≤1 mM) can be detected and quantified, shedding light on the underlying mechanisms of the pathogenesis of MHE. The combination of ProFit and multidimensional spectroscopy turns out to be advantageous in quantifying J-coupled metabolites like Asp, PCh, Thr, PE, GABA, and Tau. We have also observed significant correlations between the metabolite ratios calculated from L-COSY and the neurocognitive functions assessed by the NP tests. 
